Our objective was to develop a suitable cardiomyocyte progenitor cell line for use in testing biomaterials as potential scaffolds in cardiac tissue engineering. We transfected P19 cells with the human cardiac -actin promoter driving the gene for puromycin resistance, to create a stable cardiomyocyte-selectable P19 cell line, termed P19(CAPuro). Puromycin selection resulted in a 4-10 fold enrichment of cardiac muscle gene expression and a 3-fold enrichment in cardiomyocytes. Morphological, biochemical, and functional analyses were used to evaluate the properties of P19(CAPuro) cardiomyocytes in the presence and absence of a novel cross-linked collagen-based biomaterial. The collagen-based biomaterial was able to support appropriate viability, gene expression, and cardiomyocyte function. Therefore, P19(CAPuro) cells are suitable for examining biomaterials as potential scaffolds and this approach could be used for rapidly screening biomaterials for designing future human embryonic stem cell therapies.
INTRODUCTION
Heart disease such as myocardial infarction is the leading cause of death in developed countries. It is often directly correlated with a loss in functional cardiac muscle and the formation of scar tissue as mature cardiomyocytes have limited abilities to regenerate. Stem cell based cardiomyocyte replacement strategies may offer promise for regenerating the myocardium, demonstrated by recent efforts with human embryonic stem cell (ESC) delivery in the rodent model [1] [2] [3] . In addition, the development of tissue engineered cardiac patches, comprised of stem cell derived muscle cells delivered in a biological-based scaffold, is being investigated by numerous groups [4, 5] . These cardiac muscle patches are designed to integrate into the myocardium and improve contractile function at the site, offering improved cell delivery and integration when compared to injected cells alone. It is generally agreed that the ideal scaffold should mimic the native cardiac extracellular matrix (ECM) microenvironment to allow for incorporated stem or progenitor cells to proliferate and differentiate into cardiaclike muscle in a controlled manner. Many different ECM combinations have been reported in the literature, and some of these scaffolds have shown promising albeit limited success when implanted into mammalian hearts, as reviewed in [6] [7] [8] [9] . Common challenges include designing a strong yet *Address correspondence to this author at the Department of Biochemistry, Microbiology, and Immunology, University of Ottawa. 451 Smyth Road, Ottawa, ON, K1H 8M5, Canada; Tel: (613) 562-5800 x 8669; Fax: (613) 562-5440; E-mail: iskerjan@uottawa.ca †Designates equal contributions by both authors biodegradable scaffold, controlling cardiomyocyte differentiation, and functional host-graft integration of the patch [5, 7, 10, 11] . A limiting factor to solving these tissue engineering problems is the lack of a homogeneous, readily available source of cardiomyocyte stem cells for use in testing new materials as potential scaffolds. In this study, we report the derivation of a model cardiomyocyte progenitor line for use in evaluating different biomaterials as potential scaffolds for cardiac tissue engineering.
P19 embryonic carcinoma (EC) cells have been widely used to model cellular differentiation during embryonic development. Originally derived from an induced murine embryonic teratocarcinoma [12] , P19 EC cells are pluripotent and can differentiate into all three germ layers after cellular aggregation (a process similar to embryoid body formation) [13] . In response to cardiomyogenic inducers in culture, rhythmically contracting areas begin to appear by 8-14 days in 8-25% of the P19 EC embryoid bodies [14] , and these express cardiomyogenic-related transcription factors and proteins [15] [16] [17] . P19 cell differentiation requires similar signalling pathways and transcription factors as those observed during early embryonic development and in mouse ES cell differentiation [18] . Further, P19 cells can contribute to murine heart formation in chimeric mice in vivo [19] . Functional ion channels have been demonstrated in P19 derived cardiomyocytes [20] , and were found to be similar to in vivo derived neonatal, embryonic and ESC cardiomyocyte cultures [20] [21] [22] [23] . Therefore, P19 EC cells can be readily used to model ESC differentiation into cardiac muscle, forming functional, beating cardiomyocytes [24] [25] [26] [27] .
While human embryonic stem cells are ideal for future cell therapies to regenerate the myocardium, the growth and differentiation of these cells is much more difficult, labour intensive, and time consuming than P19 cell cardiomyogenesis [18, 28] . Thus P19 cells could be used as a rapid screen to optimize methods to use for future human ES cell cardiac muscle therapies. Despite these attractive properties, the actual utility of P19 EC and human ES cells in studying cardiac muscle formation has been limited due to the relatively low efficiency of cardiac muscle induction. In order to optimize utility for P19 cells, we have developed stable P19 cell lines with the ability to select for cardiomyocytes. Cardiac -actin, often used as a marker of muscle differentiation, is expressed throughout cardiac muscle development and also in embryonic skeletal muscle [29] . In the present study, we developed a cardiac -actin selectable cell line, in which the cardiac -actin promoter drives puromycin resistance, termed P19(CA-Puro), to obtain cultures enriched in cardiomyocytes. We report that our P19(CA-puro) line efficiently differentiates into functional cardiac muscle, and provides a useful tool in characterization of biomaterials for cardiac tissue engineering.
MATERIALS AND METHODS

P19 Cell Culture
P19 cells (American Type Culture Collection #CRL-1825, Virginia, USA) were cultured in -minimum essential media ( MEM) (Invitrogen, Ontario, Canada) supplemented with 10% fetal bovine serum (FBS) (CanSera, Rexdale, Canada) and 50 g/ml of gentamycin (Invitrogen). They were plated at 1x10 5 cells/ml media and passaged every two days.
Plasmid Constructs
In order to create our cardiac -actin selectable cell line, we designed an expression construct, termed Human cardiac actin-puromycin (HCA-puro) in which the puromycin resistance gene is under control of an HCA promoter. The expression construct HCA-puro was cloned into the BSK+ expression vector, and contains a Sal/HindIII 450 base pair HCA promoter (25) , driving a HindIII/Bs1II 1 Kb puromycin resistance fragment from PGK-puro. The empty PGK vector was used as a control. The constructs PGK-Neo, B17, and PGK LacZ were previously described [30] .
Stable Cell Line Generation
For transfections 2.04 g of CA-Puro, 0.09 g of PGKNeo, 0.17 g of PGK-LacZ, and 0.77 g of B17, were mixed, added to the FuGENE TM 6 reagent (Roche Applied Science, Quebec, Canada), and incubated with 2.5 x 10 5 cells in 35-mm tissue culture dishes. Controls comprised of P19 cells transfected with CA-LacZ, PGK-Neo, PGK-LacZ, and B17. The B17 construct is a 17 Kb portion of the pgk-1 gene and has been shown to enhance the formation of stable cell lines in P19 cells, by an unknown mechanism [31] . -galactosidase assays were used to determine the transfection efficiency for each experiment as described [32] . Cells were selected for G418 resistance (500 g/ml) (Sigma Aldrich, Ontario, Canada) for 7 days. The high ratio of CA-Puro to PGK-neo plasmids increases the chance of G418-resistant clones containing the CA-puro plasmid. 48 stable P19(CApuro) clonal populations were isolated and examined for their low expression of puromycin transcripts (RNA) and their high content of HCA-puro DNA by slot-blot analysis as previously described [33] . Stable cells lines that met this criteria were termed P19(CA-puro), and further tested for their ability to differentiate into puromycin resistant cardiomyocytes.
P19(Control) and P19 (CA-puro) Differentiation into Cardiomyocytes
P19(CA-puro) and control cells were allowed to reach confluence, passaged, and then placed under differentiation conditions. Cells were aggregated in the presence of 0.8% Dimethyl Sulfoxide (DMSO) (Sigma Aldrich) in 10% FBS (PAA, Austria), MEM (Invitrogen) for 4 days and then plated onto tissue culture dishes [12] . On days 0, 4, 6, 8 of differentiation, selection was initiated by treating cells with 2 g/ml puromycin in the growth medium. Cultures were maintained until day 12. On day 12, cultures were assessed for cell viability (by trypan blue exclusion), and fixed for immunocytochemistry with myosin heavy chain (MHC) antibody. P19(Control) cells served as selection controls. For cardiomyocyte selection experiments, cells were treated with 2 g/ml puromycin (or 0 g/ml for controls) starting on day 6 of differentiation. MEM was changed daily.
Quantitative Polymerase Chain Reaction (QPCR)
To determine the extent of enrichment of cardiomyocytes with puromycin selection, changes in gene expression of cardiac muscle genes, ( Table 1) , were examined by QPCR. Briefly, RNA was isolated using Trizol (Invitrogen) on Day 9 of differentiation from P19(CA-puro) cells with and without puromycin treatment starting on Day 6. QPCR was performed, and the fold increase in expression changes associated with the puromycin selection was calculated relative to the P19(CA-puro) Day 9 non-puro treated control RNA. cDNA synthesis was performed using the SuperScript™ III Reverse Transcriptase kit as suggested by the manufacturer (Invitrogen). QPCR was performed using SYBR Green PCR Master Mix (Applied Biosystems, California, USA), following manufacturer's suggestions in a 25ul final reaction volume. PCR amplification was performed using a BioRad iCycler thermocycler with the following conditions: an initial denaturing at 95ºC for 10 minutes, 40 cycles of 95ºC (15 seconds)/60ºC (30 seconds)/72ºC (30 seconds), and a final extension at 72ºC for 10 minutes. A melt curve analysis was performed as follows: 95ºC for 1 minute, 55ºC for 1 minute, and 55ºC for 10 seconds with an increase of 0.5ºC at each successive cycle for 80 cycles. The oligonucleotide primers for -actin, Atrial Natriuretic Peptide (ANP), MHC, GATA4, Pax-3, MyoD, and GAPDH are given in Table 1 . These primers have been previously validated for their efficiency of amplification under these conditions, including a melt curve analysis and by comparison with results from Northern Blot analysis. Relative fold differences in expression of these genes between the P19(CA-puro) (+) puro and P19(CA-puro) (-) puro control cells were calculated using the comparative C T method [34] . Briefly, the difference in cycle time C T , was calculated by normalizing the values relative to the reference gene,
GAPDH.
C T was obtained by finding the difference between P19(CA-puro) (+) puro (target) and the control (-) puro cells (baseline). The equation C T = C T (target) -C T (baseline) was used. The effect of the collagen substrate on gene expression in P19(CA-puro) was investigated by determining the fold change in gene expression of P19(CApuro) (+) puro cells growing on the substrate, and using P19(CA-puro) (+) puro cells growing on tissue culture plates as the baseline. The relative fold change in gene expression level was determined by calculating 2 -CT [35] .
Immunocytochemistry
Differentiated aggregates grown on gelatin coated coverslips were fixed on day 9 or 12 in -20 °C methanol (for MHC), and with Lana's Fixative (1.6% paraformaldehyde in 9% Picric Acid) for cardiac -actin, actinin, troponin-T, and GATA4. For MHC immunocytochemistry, cells were rehydrated in stockholm's phosphate buffered saline (sPBS) (1M Na 2 HPO 4 , 5M NaH 2 PO 4 , 70mM NaCl, 4M KCl), and MHC expression was detected utilizing the monoclonal MF20 antibody supernatant (Developmental Studies Hybridoma Bank, Iowa City, IA USA) as described previously [33] . For cardiac -actin, actinin, troponin-T, and GATA4 immunocytochemistry, fixed coverslips were blocked with 4% Goat Serum, 0.3% Triton-X, and incubated with the respective antibodies, as summarized in Table 2 . In all staining, nuclei were detected with 1:10000 DAPI and washed well with sPBS. Coverslips were mounted on glass slides and visualized with a Zeiss Axioskop microscope. Isotype matched controls were used for all antibodies and background fluorescence was taken into account at all magnifications analyzed. Cardiomyocyte and total cell counts were performed to quantify the percentages of MHC positive cardiomyocytes in our cultures. This was performed by counting five images from two coverslips for each data point in two independent experiments.
Collagen Hydrogels
Rat tail collagen I (4.75mg/ml) (BD Biosciences, Ontario, Canada) was mixed with collagen buffer (1M HEPES, 10x Dulbecco's-MEM (FBS-free), and 7.5% sodium bicarbonate) at a ratio of 7:1 v/v on ice. The pH of the collagen mixture was then adjusted to 7.4 with 1N NaOH, and 5mM calcium chloride and 1mM DL-dithiothreitol (DTT) were added. Cross-linking was performed with 0.22U/ml guinea pig transglutaminase (Sigma Aldrich), and the viscous solution was dispensed into the desired moulds as follows: 200 l for 12mm transwell tissue inserts (Corning, Massachusetts, USA), and 250 l for the EcoMEA dishes (Microelectode Array Systems, Germany), and then thermogelled at 37°C for 45 minutes. 10% FBS MEM media and P19(CA-puro) aggregates were added on top of the gels. Media was replaced every day, and the cells were treated with 2 g/ml puromycin for enrichment on Day 6, 7, 8, and 9 of differentiation as described above.
Viability Assay
Cells were grown on top of the collagen gels and control tissue culture dishes (as described above) for one to seven days, and analyzed with the Live/Dead Viability and Cytotoxicity Kit (Invitrogen) according to the manufacturer's instructions. Briefly, gels containing cells were incubated with Calcein AM (esterase activity of viable cells visualized as green fluorescence) and Ethidium homodimer-1 (fluorescent red nuclear stain specific for non-viable cells). Hoechst 33342 staining was used for total cell nuclear detection. The gels were then washed well with PBS and immediately visualized with a Zeiss inverted florescent microscope. Three representative images were acquired for each sample for analysis. (n=3 independent samples).
Microelectrode Array Analysis
Collagen hydrogel mix was dispensed as 250 l aliquots into 22mm microelectrode array (MEA) dishes (Multichannel Systems), and P19(CA-puro) cells were differentiated on top as described above. The MEA dishes contained 60 electrodes recording extracellular potentials. Between Day 9 and 12 of differentiation, the MEA grown cardiac hydrogels were washed with Tyrodes buffer containing Ca 2+ (pH 7.4) for 5 minutes and the baseline extracellular potential was examined, as described previously [36, 37] . All readings were taken at 37°C. A final concentration of 100 M isoproterenol (Sigma Aldrich) diluted in warmed tyrodes buffer was then added to the cardiac gel, and readings were taken from 1-5 minutes after the drug was added. After a drug response was observed, the gel was washed with buffer for 5 minutes, and a "drug recovery" extracellular potential recording was taken.
Statistical Significance
Values are reported as mean +/-SD (standard deviation). For QPCR, each gene and sample group was tested in duplicate reactions in three biologically independent experiments. Statistical significance was evaluated using unpaired student's t-tests to compare between two treatment groups. Significance level was set at a p <0.05.
RESULTS
Enrichment for Cardiac Muscle and Characterization of the Cardiomyocytes
Stable P19 cells were isolated after transfection with the gene for puromycin resistance driven by the cardiac -actin promoter, termed P19(CA-puro). P19(CA-puro) cells responded to DMSO induction by differentiating into beating cardiomyocytes after 6 days of differentiation (Fig. 1, panel  I ). P19(CA-puro) and P19(Control) cells were differentiated and treated with puromycin starting on day 4, 6, or 8, until day 9. An example of the beating can be seen in supplementary file 1. Puromycin treatment starting on days 6 or 8 resulted in 65% viability of P19(CA-puro) cells (Fig. 1,  panel II) . Puromycin treatment of P19(Control) cells or P19(CA-puro) cultures on days 0-4, showed 100% cell death, reflecting the lack of cardiac -actin expression. Immunocytochemistry of P19(CA-puro) cells treated with puromycin from Day 6-9 showed a greater loss of total cells, compared to MHC positive cells, resulting in a relative enrichment in MHC positive cells, compared with cells not exposed to puromycin (Fig. 1, Panel III) . The slight decrease in cardiomyocyte number could be due to selective silencing of the transgene in some cardiomyocytes or the loss of puromycin-resistant cardiomyocytes due to their attachment to the plate via puromycin-sensitive cells. Thus, selection with puromycin from days 6-9 of P19(CA-puro) differentiation appeared to be optimal during DMSO differentiation, reflecting the expected pattern of cardiac -actin expression [38] .
To evaluate the extent of cardiomyocyte enrichment in P19(CA-puro) with puromycin treatment, changes in the expression of cardiomyocyte-specific transcripts were assessed using QPCR. Puromycin selection on Day 6-9 of differentiation in P19(CA-puro) induced a 4-10 fold increase in gene expression of the cardiac muscle related transcripts MHC, ANP, and actin (Fig. 2) . No significant increase in gene expression was measured for MyoD, which is indicative of skeletal muscle development, or Pax3, which marks both skeletal and neural crest precursors.
To confirm the gene expression results with protein expression analysis, and determine the extent of cardiomyocyte enrichment, immunocytochemistry was performed on fixed P19(CA-puro) cardiomyocytes. MHC expression was eva- Fig. (2) . Cardiac muscle gene expression is enriched by puromycin selection of P19(CA-puro). Differentiated P19(CA-puro) cells were exposed to 0 g/ml or 2 g/ml puromycin from day 6-9 of differentiation. RNA was harvested and analyzed with QPCR for primers specific for cardiomyocytes, skeletal muscle, and neural crest cells. Data represents the average +/-SD of 3 independent experiments done in duplicate, *=p<0.05. luated in P19(CA-puro) cultures with or without puromycin treatment, again showing a greater loss of total cells than cardiomyocytes (Fig. 3A,B) . Quantitative analysis indicated that in the absence of puromycin selection 18+/-9% of the total cells were MHC positive. In contrast, 59+/-19% of the total cells were MHC positive after puromycin selection from Days 6-9 ( Fig. 3B and C) . P19(CA-puro) derived cardiomyocytes also expressed cardiac -actin (Fig. 3D) , troponin T and GATA4 (Fig. 3E), and actinin (Fig. 3F) proteins.
Therefore, selection of puromycin resulted in a 3-fold enrichment in the number of cardiomyocytes in P19(CApuro) cell cultures. This cardiomyocyte enrichment was obtained by the selective loss of the non-cardiac muscle cells resulting from the puromycin exposure.
Evaluation of P19(CA-puro) Cardiomyocytes on a Collagen Hydrogel
To test the compatibility of the transglutaminase crosslinked type I collagen hydrogel as a substrate for cardiomyocytes, the viability of P19(CA-puro) cells was first evaluated.
P19(CA-puro) cardiomyocyte viability on collagen hydrogels and on untreated tissue culture dishes was evaluated, and no significant differences in cell death was measured at both the 24 hour or 7 day time point (Fig. 4) .
To test whether growth on the hydrogel affected the cardiomyocyte phenotype, changes in gene expression was evaluated using QPCR. P19(CA-puro) cardiomyocytes maintained their up-regulation of cardiomyocyte marker transcripts under the selective conditions while growing in the collagen hydrogel (Fig. 5) . This suggests that the collagen substrate is conducive to maintaining the cardiomyocytes.
To examine the functionality of P19(CA-puro) derived cardiomyocytes, a MEA analysis was performed in the presence and absence of isoproterenol (Fig. 6) . P19(CApuro) cardiac muscle cells on collagen gels emitted evenly spaced extracellular electrical events. The number of electrical events per minute were counted and a comparison was made between baseline and isoproterenol treatment groups which was expressed as fold change over baseline. They exhibited an average of 3-fold chronotropic increase between control baseline readings and 100uM isoproterenol Fig. (4) . P19(CA-puro) are viable on a collagen I gel. The cellular viability of P19(CA-puro) was assessed at the 24 hour and 7-day timepoints of growth and was used as a preliminary indicator of the suitability of this particular scaffold for the delivery of cardiac cells. No significant differences were observed between the collagen gel and the control surfaces (p>0.05).
Fig. (5)
. P19(CA-puro) cardiomyocytes maintain expression of cardiac muscle genes while growing on the collagen gel compared to controls. QPCR analysis of P19(CA-puro) enriched cells growing on the collagen gel and on control tissue culture dishes was performed on Day 9 of differentiation. There was no loss in expression detected in the cardiac transcripts MHC, cardiac -actin, GATA4, or ANP compared to controls. In addition, no gain in skeletal muscle related transcripts was detected (Pax 3 or MyoD). Data represents the average +/-SD of 3 independent experiments done in duplicate, p>0.05.
readings (p<0.05), with subsequent recovery back to baseline after 5 minutes of drug removal. Undifferentiated P19(CApuro) cells did not exhibit any detectible electrical events, nor did they respond to the drug stimulation. Therefore, collagen substrates are compatible with cardiomyocyte differentiation, as determined by the maintenance of synchronous extracellular electrical events, and the appropriate response to isoproterenol.
DISCUSSION
Cell based therapies to repair and regenerate cardiomyocytes have shown modest success but are promising. There is evidence that such therapies can be enhanced by incorporation of biomaterial scaffolds to prevent death of implanted cells, as well as to provide appropriate bioactive factors for cell survival and differentiation. A current limitation in cardiac biomaterials research is the availability of large homogeneous populations of cardiac muscle progenitor cells. For the present study we show the creation of a stable cell line that can be enriched for cardiac muscle cells with puromycin selection. Characterization of these derived cardiomyocytes indicated that these cells exhibited many properties of embryonic cardiomyocytes. In addition, we found that the cardiac muscle phenotype of the P19-derived cardiomyocytes was maintained when growing on collagen, a commonly used natural material in tissue engineering A similar cardiac muscle cell enrichment strategy has been employed using human and mouse ESCs, in which a MHC promoter drove antibiotic resistance or GFP expression [39] [40] [41] [42] [43] [44] [45] [46] [47] . A previous publication reported an 99% purity for human ESC-derived cardiomyocytes used the -MHC promoter driving neomycin resistance approach [44] . The higher enrichment in these ES studies may be due to differences in the promoter specificity due to an integration site in the cells such as near strong lineage-dependent enhancers, the nature of the construct, or simply differences in the method of assessing enrichment.
Our genetically modified P19 cell line, P19(CA-puro), can be selected for cardiac -actin expressing cells with puromycin during differentiation, resulting in about 59% of cells consistently differentiating into cardiomyocytes compared to 18% control P19 differentiations. This shows that transfection of P19 cells with the cardiac -actin promoter driving puromycin resistance is an effective methodology for creating a cardiomyocyte selectable model progenitor line.
In response to DMSO induction, P19 cells will differentiate into cardiac and skeletal myogenic lineages. Cardiac actin expression begins on approximately Day 6 after DMSO induced differentiation of cardiomyocytes, and on approximately day 8-9 in differentiating skeletal muscle [17] . The promoter for human cardiac -actin was first tested in P19 cells in 1988, and it was shown that the transfected promoter functions in the appropriate developmental manner during differentiation of P19 EC cells to cardiomyocytes [17, 38, 48, 49] . In our experiments, this actin promoter was used to enrich for cardiomyocytes in P19(CA-puro) as differentiating cells were exposed to puromycin on Day 6-9 and cells expressing actin survived the puromycin selection. RNA and protein analysis, morphological analysis, contractile ability, and the appropriate response of P19(CA-puro) cardiac muscle to the cardioactive drug isoproterenol, demonstrate that P19(CA-puro) cells differentiate into functional cardiac muscle cells. In addition, by selecting for actin expressing cells prior to skeletal expression, we did not observe enrichment for skeletal muscle, as confirmed by the lack of change in expression of the myogenic transcription factors MyoD and Pax3.
Collagen I is the major constituent of the cardiac extracellular matrix, and has been used quite extensively in previous reports as a base for tissue engineered patches, as reviewed in [50, 51] . In this study, we examined the effect of collagen substrate for P19 cardiomyocyte differentiation. We selected a natural crosslinking system for collagen hydrogel preparation to facilitate a natural biodegradable substrate. Transglutaminase is a calcium dependent enzyme that mediates covalent bond formation between glutamine and lysine residues, providing amide bonds which reinforce the scaffold [52, 53] , and it has been previously shown that transglutaminase increases the strength of different types of hydrogels, including collagen [54] [55] [56] [57] [58] . To date a transglutaminase cross-linked collagen gel has not been published as a substrate for cardiac muscle cells. P19(CA-puro) cells grown on the collagen hydrogel substrate maintained similar levels of cardiomyocyte differentiation, as determined by GATA4, MHC, ANP, and cardiac -actin and transcript levels, compared to the control substrate (untreated tissue culture dishes). Microelectrode arrays allow for the measurement of extracellular field potentials of cultured cells, similar to electrocardiograms [59] . Analysis of the beating-nature of the cardiomyocytes growing on collagen substrates using microelectrode array analysis to detect electrical events showed cardiomyocyte chronotropic stimulation. The P19 (CA-puro) derived cardiomyocytes displayed regular pulsing events that were similar to that described for human ESC derived cardiomyocytes [39, 59, 60] , and neonatal isolated cardiac muscle cells [37] . The ability of our substrate to sustain and support functional cardiomyocytes will allow for cardiac muscle cell sheets to be grown in culture for transplantation in the future.
CONCLUSION
In summary, we created a stable selectable P19 embryonic carcinoma cell line, P19(CA-puro), that can be induced to differentiate into functional cardiac muscle cells. This P19-EC cell based model appears to be a reliable source for evaluating biomaterials, which can next be validated using human ESCs or other muscle cells for therapeutic use such as in tissue engineered scaffolds and/or cell delivery systems for cardiac muscle repair. 
